N. Transforming growth factor-␤ regulates endothelin-1 signaling in the newborn mouse lung during hypoxia exposure. Am J Physiol Lung Cell Mol Physiol 302: L857-L865, 2012. First published January 27, 2012; doi:10.1152/ajplung.00258.2011.-We have previously shown that inhibition of transforming growth factor-␤ (TGF-␤) signaling attenuates hypoxia-induced inhibition of alveolar development and abnormal pulmonary vascular remodeling in the newborn mice and that endothelin-A receptor (ETAR) antagonists prevent and reverse the vascular remodeling. The current study tested the hypothesis that inhibition of TGF-␤ signaling attenuates endothelin-1 (ET-1) expression and thereby reduces effects of hypoxia on the newborn lung. C57BL/6 mice were exposed from birth to 2 wk of age to either air or hypoxia (12% O 2) while being given either BQ610 (ETAR antagonist), BQ788 (ETBR antagonist), 1D11 (TGF-␤ neutralizing antibody), or vehicle. Lung function and development and TGF-␤ and ET-1 synthesis were assessed. Hypoxia inhibited alveolar development, decreased lung compliance, and increased lung resistance. These effects were associated with increased TGF-␤ synthesis and signaling and increased ET-1 synthesis. BQ610 (but not BQ788) improved lung function, without altering alveolar development or increased TGF-␤ signaling in hypoxia-exposed animals. Inhibition of TGF-␤ signaling reduced ET-1 in vivo, which was confirmed in vitro in mouse pulmonary endothelial, fibroblast, and epithelial cells. ETAR blockade improves function but not development of the hypoxic newborn lung. Reduction of ET-1 via inhibition of TGF-␤ signaling indicates that TGF-␤ is upstream of ET-1 during hypoxiainduced signaling in the newborn lung. lung development; infant; persistent pulmonary hypertension CHRONIC HYPOXIA EXPOSURE IN neonatal mice inhibits lung alveolar septation and the normal postnatal reduction in thickness of the pulmonary arteries. The resulting inhibition of alveolarization and abnormal vascular remodeling creates a reproducible animal model that mimics the histology of human bronchopulmonary dysplasia. We (3) have previously shown that hypoxia attenuates the normal postnatal decrease in endothelin-1 (ET-1) and leads to abnormal pulmonary vascular remodeling (HPVR) in newborn mice. These effects can be prevented and partially reversed by endothelin-A receptor (ETAR) antagonism (2). We (4) have recently demonstrated that inhibition of transforming growth factor-␤ (TGF-␤) signaling attenuates chronic hypoxia-induced inhibition of alveolar development and HPVR in newborn mice. While increased signaling by both TGF-␤ and ET-1 mediates the effects of hypoxia, the functional relationship between ET-1 and TGF-␤ signaling in the hypoxic newborn lung has not been determined.
lung development; infant; persistent pulmonary hypertension CHRONIC HYPOXIA EXPOSURE IN neonatal mice inhibits lung alveolar septation and the normal postnatal reduction in thickness of the pulmonary arteries. The resulting inhibition of alveolarization and abnormal vascular remodeling creates a reproducible animal model that mimics the histology of human bronchopulmonary dysplasia. We (3) have previously shown that hypoxia attenuates the normal postnatal decrease in endothelin-1 (ET-1) and leads to abnormal pulmonary vascular remodeling (HPVR) in newborn mice. These effects can be prevented and partially reversed by endothelin-A receptor (ETAR) antagonism (2) . We (4) have recently demonstrated that inhibition of transforming growth factor-␤ (TGF-␤) signaling attenuates chronic hypoxia-induced inhibition of alveolar development and HPVR in newborn mice. While increased signaling by both TGF-␤ and ET-1 mediates the effects of hypoxia, the functional relationship between ET-1 and TGF-␤ signaling in the hypoxic newborn lung has not been determined. It is known that ET-1 and TGF-␤ have similar profibrogenic effects that converge on common pathways, such as collagen synthesis (10) . In isolated perfused adult rat lungs, TGF-␤ increases ET-1 synthesis (13) , while in isolated alveolar epithelial cells, ET-1 increases TGF-␤ 1 synthesis and signaling via ETAR and induces epithelial-mesenchymal transition (11) . Based on our previous studies and the existing literature, we hypothesized that inhibition of TGF-␤ signaling would attenuate ET-1 signaling and thereby reduce effects of hypoxia on the newborn lung (i.e., that ET-1 is downstream of TGF-␤), with the alternate hypothesis that ETAR antagonism would attenuate TGF-␤ signaling (i.e., that TGF-␤ is downstream of ET-1 signaling via ETAR). All experiments, unless otherwise specified, were done with a minimum of six mice from at least two litters for each experimental condition.
METHODS

All protocols were approved by the
In Vivo Studies
Animal model. Newborn C57BL/6 mouse pups and their dams were exposed to normobaric hypoxia or room air from birth in a plexiglas chamber as previously described (2, 4, 16) , while being administered either ETAR antagonist (BQ610; Ref. 2) , ETBR antagonist (BQ788), TGF-␤ neutralizing antibody (1D11; Ref. 16) , or PBS of similar volume (vehicle). Briefly, a Pro-Ox 110 oxygen controller (BioSpherix, Redfield, NY) servo-controlled the oxygen concentration to the set level (12% for hypoxia group or 21% for air group) by controlling the inflow of a mixture of nitrogen and O 2 gases. O2 concentration (OM-100 oxygen analyzer; Newport Medical Instruments, Newport Beach, CA), humidity, temperature, and barometric pressure (Fisherbrand Digital Barometer; Fisher Scientific, Pittsburgh, PA) within the chamber were monitored continuously. Daily animal maintenance was carried out, with exposure of the animals to room air for Ͻ10 min per day. A standard mouse pellet diet and water were provided ad libitum.
For ETAR antagonism, BQ610 (Peptides International, Louisville, KY) at 20 g·g Ϫ1 ·day body wt Ϫ1 (20 mg·kg Ϫ1 ·day Ϫ1 ) was given intraperitoneal daily by microsyringe. This dose was chosen based on the effective dosage in our previous studies (2, 3) . For ETBR antagonism, BQ788 (Peptides International; Ref. 17) was similarly given intraperitoneal daily at 20 g·g Ϫ1 ·day Ϫ1 . For inhibition of TGF-␤ signaling, we used TGF-␤ neutralizing antibody (Clone 1D11, MAB1835; R&D Systems, Minneapolis, MN), which neutralizes all three isoforms of TGF-␤ (-␤ 1, -␤2, and -␤3), at a dose of 20 g by intraperitoneal injection on postnatal days 1, 5, and 10 (20 g/g body wt on postnatal day 1, 6 g/g on day 5, and 4 g/g on day 10). In our previous study (16) , this dosing resulted in a marked reduction (50 -75%) of TGF-␤ signaling.
For additional studies of inhibition of TGF-␤ signaling, we used the DNTGF␤RII mouse (on C57BL/6 background) as previously described (4). The DNTGF␤RII mouse expresses an inducible cytoplasmically truncated TGF␤RII receptor that competes with endogenous receptors for heterodimeric complex (TGF␤RI and RII) formation and is thus an inducible dominant-negative mutant (21) . The DNTGF␤RII lacks the cytoplasmic kinase domain and has no intrinsic activity. The DNTGF␤RII is under the control of a metallothionein-derived promoter induced by administering ZnSO4 (20 g/g ip) daily from birth to DNTGF␤RII pups maintained in air (DT-zinc-air group) or hypoxia (DT-zinc-hypoxia group). DNTGF␤RII mice given saline (vehicle control) and maintained in air (DT-saline-air group) or hypoxia (DT-saline-hypoxia group) served as controls. This dose of Zn 2ϩ did not affect lung development, and administration of ZnSO 4 and induction of the expression of the mutated receptor in the pups were well tolerated (4) .
Analysis of lung function. After completion of hypoxia or air exposure, the mice were sedated with ketamine/xylazine and pulmonary function was evaluated on a flexiVent as previously described (16) . Briefly, a 24-G Angiocath was inserted into the trachea and fixed with a ligature of 3-0 silk. The flexiVent apparatus (SCIREQ, Montreal, Canada) equipped with a module 1 was used to perform measurement maneuvers including perturbations (predefined pressure of volume waveforms) such as forced oscillations, using room air in the closed-chest animal. The tidal volume was set at 6 ml/kg, similar to that clinically used, with a respiratory rate of 150/min. Measurements made included total resistance (R; which encompasses Rn, G, and chest wall resistance. Chest wall resistance in the mouse is essentially zero), compliance (C), airway resistance (Rn or Raw; Newtonian resistance, which is primarily the resistance of the central or upper airways), and tissue elastance (H). Calibration of the flexiVent was done using the tracheal cannula to be used, before each experiment. Lung volumes were measured by volume displacement after completion of the flexiVent measurements.
Mice were then euthanized and the lungs were inflation fixed for histology, or lung homogenates were prepared for RNA and protein analysis (4, 5, 16) .
Lung morphometry. For lung morphometry, the chest was opened and the lungs were inflation fixed via the trachea with 10% formalin at 20 cmH2O pressure, and the right ventricle was perfused with formalin at the same pressure until the effluent was clear to flush out the blood in the pulmonary vessels. After formalin fixation for 24 h, samples were changed to 70% ethanol to avoid overfixation. Fivemicromolar sections were stained by hematoxylin-eosin for pulmonary morphometry. Each section consisted of a coronal section from apex to base of both lungs from a newborn mouse.
Lung alveolar morphometry was performed as previously described (4, 5, 16) using MetaMorph software (v.6.2r4, Universal Imaging) interfaced with a Nikon TE2000U microscope equipped with a QiCam Fast Cooled high-resolution CCD camera. Alveolar development was evaluated by mean linear intercepts (MLI; an estimate of alveolar size as increased development and septation is associated with smaller alveoli; Ref. 14) and radial alveolar counts (RAC; an estimate of the number of alveolar septae from the terminal bronchiole to the nearest connective tissue septum; Ref. 6). Images from six random ϫ100 lung fields were taken from each animal, with one image from the apex, middle, and base of each lung for MLI measurement, and six RAC measurements were performed on each animal.
Analysis of mRNA. Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA) from homogenized lung from mice at 14 days of age, treated with DNase I, quantified, and then reverse transcribed using the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). Quantitative real-time PCR (qPCR) for ET-1, ETAR, ETBR, collagens, and TGF-␤ isoforms (Table 1 showing primer sequences) was performed using the Bio-Rad iCycler System as described previously (4, 5, 16) .
Western blot analysis. Newborn mouse lungs were homogenized in 1 ml of a tissue protein extraction reagent (T-PER; Pierce Biotechnology, Rockford, IL) containing complete proteinase inhibitor cocktail (Roche Diagnostics, Basel, Switzerland) and centrifuged at 7,000 g for 5 min, and the supernatant was frozen at Ϫ80°C until analysis as described previously (4, 16) . Protein concentrations were measured using the Bio-Rad Bradford protein assay (Bio-Rad, Hercules, CA). Ten micrograms of protein per lane were fractionated by 10% TrisGlycine SDS-PAGE electrophoresis, followed by transfer to a PVDF membrane (Millipore, Billerica, MA). Western Blot analysis was done using specific primary antibodies (developed in rabbit, reactive against mouse) for pSmad2 (1:500; Cell Signaling Technology, Danvers, MA), ETAR (1:1,000; Thermo Scientific, Rockford, IL), ETBR (1:1,000; Thermo Scientific), and ␤-tubulin (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C. The secondary antibody was a goat anti-rabbit secondary antibody (Sigma, St. Louis, MO) used at 1:10,000 dilution for 1 h at room temperature. Immunoreactive bands were visualized by treatment with Immun-Star Western blotting detection reagents (Bio-Rad) according to the manufacturer's instructions. Densitometry was done, normalizing for ␤-tubulin, a protein that did not change significantly with hypoxia in this model.
ELISA. All undiluted lung homogenates were analyzed as a single batch for ET-1 by ELISA (R&D Systems) as described in the manufacturer's protocol. ET-1 concentrations were normalized by protein concentration.
Immunohistochemistry. Antigen retrieval was performed on paraffin-embedded sections by heating in pH 6.0 citrate buffer (LabVision, Fremont, CA) for 20 min. The primary antibody for ET-1 (Phoenix Pharmaceuticals, Burlingame, CA) was used at 1:100 dilution for 30 min, and the secondary antibody and DAB staining kit were used as described in the product manual (DAKO EnvisionϩHRP-DAB; DakoCytomation, Carpineteria, CA).
In Vitro Studies
Endothelial cells. Temperature-sensitive, conditionally immortalized mouse pulmonary microvascular endothelial cells (mPMVEC) isolated from H-2Kb-tsA58 SV40 large T Ag transgenic mice were 
ETAR and ETBR, endothelin-A and -B receptors; TGF-␤, transforming growth factor-␤.
kindly provided by Dr. Mark de Caestecker (9) . The mPMVEC were used to confirm ET-1 regulation by TGF-␤ noted by the in vivo studies. Cells were maintained in EGM-2 media (Lonza, Walkersville, MD) with IFN-␥ (10 ng/ml; ProSpec, East Brunswick, NJ) at 33°C. To ensure degradation of the SV40 T antigen, cells were changed to 37°C in the absence of IFN-␥ for 72 h and passaged once before study.
Cells were seeded at 70 -80% confluence in EGM-2 media and made quiescent in serum-free EGM-2 overnight. The cells were exposed to air (21% oxygen) or hypoxia (1% oxygen) with or without TGF-␤ 1 (2 ng/ml; R&D Systems) in the presence or absence of SB431542 [10 M; a potent inhibitor of TGF-␤ signaling by inhibition of activin receptor-like kinase receptors; Cayman Chemical, Ann Arbor, MI] or TGF-␤ neutralizing antibody (1D11; 50 ng/ml) for 8 h. The cells were washed with PBS and total RNA was extracted with TRIzol (Invitrogen), followed by qPCR analysis as described earlier. Conditioned media were evaluated by ELISA for ET-1 (R&D Systems).
Epithelial cells. Murine lung epithelial (MLE-12; ATCC CRL-2110) cells were a kind gift from Dr. Jeffrey Whitsett (Cincinnati Children's Hospital Medical Center and University of Cincinnati College of Medicine; Ref. 26). They were grown in ATCC complete growth medium and used from passages 18 -22. Similar to mPMVEC, the MLE-12 were exposed to air or hypoxia with or without TGF-␤ 1, SB431542, or 1D11 for 8 h followed by RNA isolation and qPCR analysis as described earlier.
Newborn mouse lung fibroblasts. Newborn mouse lung fibroblasts (NMLF) were isolated by explant culture from the periphery of lung from 1-day-old newborn mice (18) . NMLF were maintained in MEM with 10% FBS and penicillin-streptomycin and used from passages 3-6. Similar to mPMVEC, the NMLF were exposed to air or hypoxia with or without TGF-␤ 1, SB431542, or 1D11 for 8 h followed by RNA isolation and qPCR analysis as described earlier.
Additionally, to determine if ET-1 exposure or ETAR antagonism increased TGF-␤ 1,-␤2, or -␤3 mRNA or TGF-␤ protein, MLE-12 and NMLF were exposed to ET-1 (100 nM) in combination with either vehicle (PBS) or BQ610 (10 M) for 8 h, and TGF-␤1,-␤2, or -␤3 mRNA was measured by qPCR analysis as described earlier. mPM-VEC were not used as they do not have ETAR. Active and total TGF-␤ (all isoforms) were measured by the PAI-1 luciferase assay (1) . Cell lysates were prepared using reporter lysis buffer (Promega, Madison, WI), and luciferase activity was measured as relative light units using a luminometer (Orion Microplate Luminometer; Berthold, Pforzheim, Germany).
Statistical analysis. Results were expressed as means Ϯ SE. The data were analyzed by two-way ANOVA to test for separate and combined effects of treatment (ETAR antagonist or vehicle) and hypoxia on measurements. Multiple comparison testing (StudentNewman-Keuls) was performed if statistical significance (P Ͻ 0.05) was noted by ANOVA.
RESULTS
No change in mortality was noted in the hypoxia-exposed or BQ610, BQ788, or 1D11-supplemented mouse pups, and the mortality rate was ϳ10% in all groups. Hypoxia led to growth In mouse pups given vehicle, alveolar size is larger in hypoxia-exposed (B) compared with air-exposed mice (A), indicating delay in septation. Administration of BQ610 or BQ788 did not attenuate the hypoxia-induced increase in alveolar size and did not change alveoli of air-exposed animals. Mean linear intercept (G) and radial alveolar count (H) at 14 days of age in mouse pups given either vehicle, BQ610, or BQ788, while being exposed to air or hypoxia (Hyp; data are means Ϯ SE; n ϭ 6 mice/ group; *P Ͻ 0.05 vs. corresponding air; #P Ͻ 0.05 vs. corresponding vehicle).
retardation in mice (20 -30% smaller at 14 days than airexposed pups; 6 -6.5 vs. 7-8 g), and BQ610, BQ788, or 1D11 administration did not alter body weight either in air or hypoxia compared with vehicle-exposed mice.
In Vivo Studies
Hypoxia-induced inhibition of alveolar development was not attenuated by ETAR or ETBR antagonism. Hypoxia inhibited alveolar development, as evidenced by an increase in the MLI and a reduction in RAC in hypoxia-vehicle compared with air-vehicle pups (Fig. 1, A-H) . Air-BQ610 and air-BQ788 had MLI and RAC similar to air-vehicle pups. Hypoxia-BQ610 and hypoxia-BQ788 pups had MLI and RAC similar to hypoxiavehicle pups, indicating that inhibition of ET-1 signaling via ETAR or ETBR did not change hypoxia-induced inhibition of alveolarization (Fig. 1, A-H) .
Hypoxia-induced alterations in lung function are prevented by ETAR antagonism but not ETBR antagonism. Exposure to hypoxia did not alter lung volume (data not shown) but reduced lung compliance and increased total lung resistance in the hypoxia-vehicle mice (Fig. 2, A and B) . Increases in both airway resistance and tissue elastance were observed in the hypoxia-vehicle mice. These alterations in lung function were prevented by administration of BQ610 during hypoxia, with the result that lung compliance, total resistance, airway resistance, and tissue elastance in hypoxia-BQ610 pups were similar to those of air-vehicle mice (Fig. 2, A-D) . Air-exposed mice given BQ610 had lung function similar to air-vehicle mice (Fig. 2, A-D) . The changes in lung function seen in mice given BQ610 were similar to those in mice given 1D11 (inhibition of TGF-␤ signaling). Air-BQ788 mice had lung function similar to air-vehicle mice, and hypoxia-BQ788 mice had lung function similar to hypoxia-vehicle mice.
As ETAR antagonism, but not ETBR antagonism, was noted to mimic the effects of inhibition of TGF-␤ signaling on lung function and on vascular remodeling in our prior studies (2, 4) , subsequent experiments evaluated the interaction of ETAR antagonism with TGF-␤ signaling.
ETAR antagonism increases TGF-␤ 2 and -␤ 3 synthesis and TGF-␤ signaling. Exposure to hypoxia increased TGF-␤ 2 and -␤ 3 (but not TGF-␤ 1 ) mRNA in the hypoxia-vehicle group, associated with an increase in the pSmad2/␤-tubulin ratio on the Western blot (Fig. 3, A-E) , indicating increased TGF-␤ signaling. Air-exposed mice given BQ610 had increased TGF-␤ 2 and -␤ 3 mRNA compared with air-vehicle group, similar in magnitude to the hypoxia-vehicle group. The air-BQ610 group also had an increase in the pSmad2/␤-tubulin ratio consistent with an increase in TGF-␤ signaling (Fig. 3, D and E) . Hypoxia-BQ610 mice had TGF-␤ 2 and TGF-␤ 3 mRNA expression similar to the hypoxia-vehicle and air-BQ610 mice, i.e, elevated compared with air-vehicle mice. pSmad2/␤-tubulin in the hypoxia-BQ610 mice was elevated compared with air-vehicle mice and was not statistically different from the hypoxia-vehicle or air-BQ610 groups (Fig. 3, D and E) .
Inhibition of TGF-␤ signaling using 1D11 or DNTGF␤RII attenuates ET-1 synthesis. Exposure to hypoxia increased ET-1 mRNA and protein in vehicle treated wild-type mice (Fig. 4) . Immunohistochemical analysis indicated that endothelial cells (primarily) and epithelial cells (alveolar and airway) stained for ET-1, and inhibition of TGF-␤ signaling was associated with a qualitative reduction of ET-1 at these locations (Fig. 4, A-D) . Administration of 1D11 reduced ET-1 mRNA in air-exposed (air-1D11) and hypoxia-exposed (hypoxia-1D11) mice compared with corresponding vehicle controls (air-vehicle and hypoxia-vehicle, respectively; Fig. 4E ). ET-1 protein in the hypoxia-1D11 group was reduced compared with hypoxiavehicle and was statistically not different from air-vehicle or air-1D11 (Fig. 4G) . DT-saline-hypoxia mice had an increase in ET-1 mRNA (Fig. 4F ) compared with DT-saline-air group. DT-zinc-air and DT-zinc-hypoxia mice with inhibition of TGF-␤ signaling had reduced ET-1 mRNA compared with the corresponding saline exposed mice (Fig. 4F) .
Effects of hypoxia exposure and inhibition of TGF-␤ signaling on ETAR and ETBR.
No significant changes were noted in ETAR mRNA or protein with either hypoxia exposure or inhibition of TGF-␤ signaling, or the combination (hypoxia ϩ inhibition of TGF-␤ signaling; Table 2 ). ETBR mRNA was increased by hypoxia and inhibition of TGF-␤ signaling, with no additional increase by the combination (hypoxia ϩ inhibition of TGF-␤ signaling), but no change in ETBR protein was noted by Western blot ( Table 2) .
Effects of hypoxia exposure and inhibition of ETAR or of TGF-␤ signaling on collagen.
Hypoxia exposure increased collagen 1a1, 1a2, and 3a1 mRNA by ϳ1.50 Ϯ 0.25-fold compared with air-vehicle animals, and both BQ610 (ETAR antagonism) and 1D11 (inhibition of TGF-␤ signaling) decreased mRNA of all three collagens to air-vehicle levels (0.8 -1.2-fold change compared with air-vehicle) during hypoxia exposure, without altering mRNA expression during air exposure (data not shown).
In Vitro Studies
Hypoxia increased ET-1 mRNA in mPMVEC (Fig. 5) . Exposure of mPMVEC to SB431542 reduced ET-1 during both air and hypoxia exposure compared with the corresponding vehicle exposed cells (Fig. 5A) . 1D11 did not alter ET-1 mRNA in mPMVEC during air exposure, but hypoxia-1D11 cells had ET-1 mRNA lower than hypoxia-vehicle cells and similar to that of air-vehicle cells (Fig. 5B) .
Addition of TGF-␤ 1 increased ET-1 mRNA in air-exposed and hypoxia-exposed mPMVEC (Fig. 5C ). TGF-␤ 1 -exposed mPM-VEC in hypoxia had ET-1 mRNA expression comparable with TGF-␤ 1 -exposed mPMVEC in air (Fig. 5C ). The ET-1 concentrations measured by ELISA (in pg/mg of total protein) in conditioned media were as follows: air-vehicle: 2.3 Ϯ 0.5; hypoxiavehicle: 6.5 Ϯ 0.1; air ϩ TGF-␤ 1 : 8.8 Ϯ 0.3; hypoxia ϩ TGF-␤ 1 : 7 Ϯ 0.3; air ϩ SB431542: 2.3 Ϯ 0.1; and hypoxia ϩ SB431542: 5.1 Ϯ 0.3. These results indicate that hypoxia and TGF-␤ 1 increase ET-1 release (with no additional increase when com- bined) and TGF-␤ inhibition reduces hypoxia-induced increases in ET-1.
Similar results were observed for MLE-12 and NMLF for ET-1 synthesis in response to TGF-␤ 1 (Fig. 5, D-I) , although the magnitude of ET-1 mRNA increase with hypoxia was lower in these cells. TGF-␤ mRNA or protein on exposure to ET-1 or BQ610 did not significantly change (Ͻ0.5-fold change) in MLE-12 and NMLF (data not shown).
DISCUSSION
The present study is the first to determine the interaction of the TGF-␤ signaling pathway with ET-1 signaling in vivo in the hypoxia exposed newborn lung. We confirmed our hypothesis that inhibition of TGF-␤ signaling attenuated ET-1 synthesis and determined that ETAR antagonism did not diminish and in fact enhanced TGF-␤ signaling in vivo. Our data indicate that TGF-␤ is upstream of ET-1 during chronic hypoxia-induced signaling in the newborn lung.
We (4) have shown earlier that blocking TGF-␤ signaling using inducible DNTGF␤RII mice attenuated both neonatal hypoxia-induced abnormal vascular remodeling and hypoxiainduced inhibition of alveolar development, indicating that TGF-␤ plays a role in mediating both of these processes in the developing lung. This study demonstrates that TGF-␤ signaling is a regulator of ET-1 synthesis. We (2) have previously demonstrated that ET-1, acting via ETAR, plays a role in the pathophysiology of neonatal HPVR, as administration of BQ610 completely prevented and partially reversed hypoxiainduced increase in pulmonary arterial wall thickness and right ventricular hypertrophy. In this study, we observed no attenuation of hypoxia-induced inhibition of lung development with ETAR or ETBR antagonism, indicating that ET-1 signaling via D) exposure (PA, pulmonary artery; Br, bronchiole; ϫ400; calibration bars ϭ 50 m). ET-1 (brown staining), primarily in pulmonary artery endothelium, is increased in hypoxia-vehicle mice and reduced in hypoxia-1D11 mice. Homogenized lungs from mouse pups exposed to air or hypoxia in combination with either vehicle or 1D11 from birth to 14 days were used for measurement of mRNA levels of ET-1 by real-time qPCR (E) and ET-1 protein by ELISA (G). F: mRNA levels of ET-1 were measured by qPCR in DNTGF␤RII mouse pups exposed to air or hypoxia from birth to 14 days of age in combination with either vehicle or zinc (inducer of DNTGF␤RII) (n ϭ 6 mice/group; data are means Ϯ SE; *P Ͻ 0.05 vs. corresponding air at same time point; #P Ͻ 0.05 vs. corresponding vehicle). Values are normalized to expression in DNTGF␤RI (DT)-Saline-Air (Control) and are means Ϯ SE; n ϭ 6/group. ETAR and ETBR mRNA is by quantitative PCR, and protein is by densitometry of Western blots expressed in arbitrary units. *P Ͻ 0.05 vs. corresponding air; †P Ͻ 0.05 vs. corresponding vehicle.
ETAR or ETBR is not involved in alveolar septation even though it is downstream of TGF-␤ and involved in vascular remodeling. Together, these findings indicate that TGF-␤ signaling modulates vascular remodeling via ET-1 acting on ETAR and regulates alveolar development via pathways other than ET-1 ( Fig. 6 shows a possible schematic of this interaction). We (15) have recently demonstrated that hypoxia attenuates peroxisome proliferator-activated receptor-␥ (PPAR-␥) signaling, and that rosiglitazone (a PPAR-␥ agonist) supplementation attenuated hypoxia-induced inhibition of alveolar development and hypoxia-associated enhanced TGF-␤ signaling, indicating that TGF-␤-PPAR-␥ interactions may be one of these other mechanisms. Excessive TGF-␤ signaling is also known to increase lysyl oxidase, a regulator of elastin and collagen cross-linking, another mechanism important in alveolarization (12) .
Excessive TGF-␤ signaling associated with Thy-1 deficiency (as noted during hypoxia) is associated with increased lung collagen, decreased lung compliance, and increased lung resistance, and these abnormalities can be prevented by inhibition of TGF-␤ signaling with 1D11 (16). In the current study, ETAR antagonism prevented the hypoxia-induced decreases in lung compliance and increases in resistance, similar to inhibition of TGF-␤ signaling with 1D11. We also found that the magnitude of reduction in collagen synthesis with ETAR antagonism and with 1D11 is similar. We (3) have previously observed that hypoxia attenuates the normal postnatal decrease in ET-1 and total collagen content in the newborn murine lung, and ETAR blockade reduced total collagen accumulation independent of oxygen exposure. Other investigators (23, 27) have shown that ET-1 induces a program of matrix synthesis in lung fibroblasts. It is known that matrix proteins such as -12) , and newborn mouse lung fibroblasts (NMLF). mPMVEC were exposed to air or hypoxia (1% oxygen) in combination with either vehicle or SB431542 (activin receptor-like kinase inhibitor; A), 1D11 (TGF-␤ neutralizing antibody; B), or TGF-␤1 (2 ng/ml; C), and ET-1 mRNA was measured by qPCR. Similar exposures were done for MLE-12 (D-F) and NMLF (G-I) (n ϭ 6 wells/group; data are means Ϯ SE; *P Ͻ 0.05 vs. corresponding air at same time point; #P Ͻ 0.05 vs. corresponding vehicle).
collagen and elastin are major determinants of lung compliance and elastance (7, 8) . Thus we conclude that the reduction with ETAR blockade of the hypoxia-induced accumulation of collagen and possibly other extracellular matrix proteins may contribute to the improvement in lung function.
Interestingly, we found in the current study that ETAR antagonism with BQ610 increased TGF-␤ signaling and increased TGF-␤ 2 and TGF-␤ 3 mRNA synthesis in vivo, even in normoxia. This novel observation is contrary to our initial assumption that ETAR antagonism would reduce TGF-␤ signaling. Jain et al. (11) have shown that ET-1 increases TGF-␤1 production via ETAR in alveolar epithelial cells in vitro. Our discordant in vivo observations suggest that there may be compensatory mechanisms that increase TGF-␤ signaling when ET-1 signaling is blocked. The exact mechanisms underlying this effect need to be determined and could not be evaluated further, as this phenomenon was not demonstrated in vitro in our experiments. Regardless, although TGF-␤ signaling was increased with ETAR blockade, the improvement in lung function and vascular remodeling and reduction in collagen observed with the intervention indicates that the overall effect of ETAR blockade is beneficial. Also, as no inhibition of alveolarization or abnormalities in lung function were noted with elevated TGF-␤ signaling in the air-BQ610 mice, it is possible that this phenomenon of increased TGF-␤ signaling with ETAR antagonism is not clinically important.
Inhibition of TGF-␤ signaling reduced ET-1 in vivo as well as in vitro. This is a novel finding in this model but is not unexpected, as TGF-␤ increases ET-1 synthesis in isolated perfused adult rat lungs (13) and in isolated human pulmonary microvascular endothelial cells (25) and fibroblasts (22) . Shiwen et al. (22, 24) have shown that ET-1 contributes to the ability of TGF-␤ to promote a profibrotic phenotype in lung fibroblasts, via induction of ET-1 by TGF-␤ through a Smadindependent activin receptor-like kinase 5/c-Jun NH 2 -terminal kinase/activator protein-1 (AP-1) dependent mechanism. The exact mechanism of regulation of ET-1 by TGF-␤ is controversial. While Shi-wen et al. (24) suggest that TGF-␤ increases ET-1 via a Smad-independent mechanism through an AP-1 site on the ET-1 promoter, other reports indicate that functional cooperation between Smad proteins and AP-1 is needed (19, 20) and that cAMP-dependent mechanisms may also be contributory (13) . Inhibition of TGF-␤ signaling using 1D11 or SB431542 or DNTGF␤RII in the in vitro and in vivo models was associated with roughly comparable effects but with some differences in the magnitude of ET-1 mRNA expression, which may be due to differences in the magnitude of inhibition or precise mechanism of inhibition of TGF-␤ signaling. It is important to note that while TGF-␤ 2 and -␤ 3 synthesis (and not that of TGF-␤ 1 ) were increased by hypoxia, TGF-␤ 1 activation is increased during hypoxia by multiple mechanisms [e.g., by reduction in Thy-1 as we have shown earlier (16) ] and all three isoforms may contribute to increased downstream signaling during hypoxic exposure. Unfortunately, the current techniques of TGF-␤ inhibition [e.g., neutralizing antibodies (16) and inducible dominant negative receptor transgenic mice (4)] are not isoform specific, and it is not possible to reliably determine the relative effects of the different isoforms.
Our study has multiple strengths. We evaluated the effects of inhibiting ET-1 and TGF-␤ signaling during a critical phase of postnatal lung development, during the process of alveolar septation. Both lung structure and function were examined following exposure to normoxia or hypoxia, in combination with either vehicle or BQ610. In addition to assessing the effect of an ETAR antagonist on lung development and function, we also determined the effect of TGF-␤ signaling on ET-1 synthesis and showed that TGF-␤ regulates ET-1 using both in vivo and in vitro methods and utilizing multiple methods of inhibition of TGF-␤ signaling (1D11 neutralizing antibody, SB431542 receptor kinase inhibitor, and DNTGF␤RII transgenic mice). We acknowledge that our study also has limitations. Mouse models may not closely simulate human disorders due to interspecies differences. The model of chronic hypoxia exposure, while reproducible and useful, may more closely simulate impaired lung development noted with chronic intrauterine hypoxia and growth restriction rather than that noted with bronchopulmonary dysplasia. TGF-␤ and ET-1 signaling are ubiquitous in the lung, involving many cell types and with multiple possible interactions, and it is difficult to determine which cell types are primarily responsible for resulting pathophysiology.
In conclusion, chronic hypoxia is associated with impairment of lung development and lung function, associated with abnormal vascular remodeling and increases in ET-1 and TGF-␤ signaling. We have previously shown that ETAR antagonism prevents and partially reverses hypoxia-induced vascular remodeling (2) and collagen accumulation (3), while inhibition of TGF-␤ signaling attenuates both vascular remodeling and inhibited alveolar development (4) . In this study, we have demonstrated that ETAR antagonism does not attenuate hypoxia-induced inhibition of alveolar development although it improves lung function and showed that TGF-␤ is upstream of ET-1 during hypoxia-induced signaling in the newborn lung. Our results suggest that endothelin receptor antagonists being increasingly used in infants with bronchopulmonary dysplasia and pulmonary hypertension may improve vascular remodeling but not alveolar development.
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